The hot ductility of low-carbon aluminum-killed steel with different boron contents was investigated. The hot tensile experiment was conducted using Gleeble3500 simulator. The reduction of area of each specimen was determined to estimate the quality of hot ductility. The changes of precipitates in studied steel were calculated by Thermo-Calc software. The microstructures of specimens were observed using optical microscopy (OM), sanning electron microscopy (SEM) and transmission electron microscopy (TEM). Based on the experimental results, the fracture types of specimens were analyzed. The results show that the hot ductility improves with increase in boron content. In the experimental condition of this study, the combining ability of boron with nitrogen is greater than that aluminum and nitrogen in the energetics point of view. Coarse BN particles decrease the effect of pinning grain boundary by fine AlN. Boron in solid solution plays a role of inhibiting the austenite/ ferrite transformation. The improvement of hot ductility is caused by the formation of coarse BN and existence of boron in solid solution.
Introduction
The formation of cracks on slab is determined by the hot ductility primarily. The production of slabs with high hot ductility is important for preventing the cracks. Thus, improving hot ductility of slabs has been emphasized for a long period. Generally, precipitation of the second phases, 1) austenite/ferrite transformation 2) and dynamic recrystallization (DRX) 3, 4) are considered to take great effects on hot ductility. These events are influenced by alloyed elements and usually occur in the range of 700°C1000°C, which in the straightening operation during continuous casting process. 5, 6) Thus, the influences of alloyed elements on hot ductility were widely studied, such as Ti, Ca, Nb, etc. 5, 7, 8) Boron addition in high strength low-alloyed (HSLA) steels is general for improving hardenability at low price. The influences of boron on the hot ductility are also widely concerned. Boron atoms are characterized by the higher diffusion coefficient in Fe and segregation to austenite grain boundaries. Therefore, boron addition can diminish the high temperature embrittlement caused by the segregation of S or P at grain boundaries. 9, 10) Many researches 1113) indicated that the cracks on Nb-containing steel was restrained by trace boron addition because of the decrease of fine Nb(C,N) which is adverse to hot ductility. The reasons are that the formation of BN and/or Fe-C-B compounds reduce the amount of C and N available for the precipitation of fine Nb(C,N) particles. Kim 12) demonstrated that the percipitation of Fe 23 (C,B) 6 decreased ferrite at austenite grain boundaries which leads to hot ductility improvement. Cho et al. 14) commented that fine BN particles would form in boroncontaining slabs which cooled down with high cooling rate, the formation of fine BN results in the decrease of hot ductility. Generally, the purpose of titanium addition in boron-containing steels is for protecting the effect of boron. However, titanium addition is harmful to the low temperature toughness of steels. 15, 16) The steelmaking method of boroncontaining steel with aluminum and without titanium was reported.
17)
The objective of this work is to study the variation of hot ductility of low-carbon aluminum-killed steel with increase in boron addition. The effect of boron addition on the hot ductility of low-carbon aluminum-killed steel was investigated. The variation of boron existing form, austenite/ ferrite transformation and dynamic recrystallization (DRX) with boron addition were analyzed. The fracture morphology and microstructure of specimens were observed using OM, SEM and TEM.
Experimental Procedure

Materials
Low-carbon aluminum-killed steel was taken as raw experimental steel. The experimental steel were melted using a vacuum induction furnace for three times. The different contents of ferroboron (with boron content of 20%) were added into the second and the third heat for obtaining experimental steel with different boron content. The chemical compositions of experimental steel were analyzed, as shown in Table 1 . Avoiding the central porosity part, cylindrical specimens of 10 mm in diameter and 120 mm in length for hot tensile experiment were machined from the slabs along the longitudinal axes. The concrete working scheme was given in Fig. 1 .
Hot tensile experiment
The hot tensile experiments were carried out using Gleeble3500 simulator. The specimens were heated from room temperature to 1350°C at the cooling rate of 10°C/s, held for 5 min to allow microstructural homogenization and the dissolution of the most precipitates. Then, the specimens were cooled to different tensile temperatures of 700°C, 750°C, 800°C, 850°C, 900°C, 950°C and 1000°C at the cooling rate of 3°C/s. The specimens were stretched to failure at a strain rate of 1.0 © 10 ¹3 s ¹1 . After failure, the specimens were quenched by water spraying for reminding the microstructure at each testing temperature. The thermomechanical cycle used in this study is shown schematically in Fig. 2 .
The reduction of area (R. A.) was determined to estimate the hot ductility of steel samples. The metallographs and fractographs of specimens were examined by OM and SEM. According to the chemical composition of experimental steel, the variation of precipitates with increase in boron content was calculated using Thermo-Calc software (TCFE6 database). The morphology of precipitates in the fractured zone, mounted on carbon replicas film, was determined by TEM equipped with energy-dispersive X-ray spectroscope (EDS). The results observed by TEM were also verification for the calculated results of software.
Results
The hot ductility curves of experimental steel are plotted in Fig. 3 . The value of reduction of area is a important parameter for estimating the quality of hot ductility. Suzuki and Cai 18, 19) found that the possibility of crack improves distinctly when the values of R. A. were higher than 60%. Therefore, the reduction of area value of 60% was taken as the critical value for estimating the quality of hot ductility in the present study.
It can be seen that from Fig. 3 , the hot ductility troughs of steel sample A1 and A2 are apparent. The hot ductility of A1 decrease sharply from 1000°C to 800°C. The minimum value of A1 is 26% which appears at 800°C. The hot ductility of A1 recovers when the test temperatures are lower than 800°C. The hot ductility variation of A2 is similar as A1. The hot ductility of A2 decreases from 900°C to the minimum value at 800°C. Compared the difference between A1 and A2, the trough region of A2 with boron of 0.0025% is narrower than A1 without boron addition. Although the hot ductility values of A3 have little fluctuation, the values are higher than 60% at all test temperatures. It can be concluded from Fig. 3 that the hot ductility of experimental steel was improved with increase in boron addition in the condition of this study.
The strain-stress curves of experimental steel were obtained from the hot tensile experiments of 700°C, 800°C, 900°C and 1000°C, as shown in Fig. 4 . From Fig. 4(a) , it can be seen that the peak stress decrease and the elongation increase for each experimental steel with increase in temperature. The softening phenomenon caused by DRX performs apparently, as shown in Fig. 4(a) . There are fluctuations in the stress-strain curves of each experimental steel at 1000°C which are evidence of DRX of the single type. 20) The variation of temperature has a great influence on DRX. In low temperature, DRX is difficult to be activated. It is also suitable to softening phenomenon. Thus, the elongation of each experimental steel decrease from 1000°C to 800°C. The elongations of steel sample A1 and A2 stop dropping when the temperature below 800°C. It caused by the austenite/ ferrite transformation as discussed below. Cho et al. 21, 22) reported that the thickness of intergranular ferrite was the main reason which has great influences on hot ductility at the austenite and ferrite two-phase region. Generally, the strainstress curves obtained from hot tensile experiment are not ideal for studying the DRX due to the occurrence of necking. 23) However, the fluctuations of strain-stress curves shown in Fig. 4 are significant signals for manifesting the occurrence of the DRX. The effect of boron addition on hot ductility can be seen in Fig. 4(b) . At test temperatures of 800°C, 900°C and 1000°C, steel sample A1 has the maximum stresses and minimum elongations. With the increase in boron content, the peak stresses of experimental steel decrease and the elongations increase. It is evident from Fig. 4(b) that boron addition promotes DRX. At test temperature of 700°C, the reason that A1 has higher hot ductility than A2 was related to the austenite/ferrite transformation.
Discussion
4.1 Influence of boron on precipitates of experimental steel According to the composition of experimental steel, the changes of precipitates with increase in boron content were analyzed using Thermo-Calc software, as shown in Fig. 5 . The precipitates in steel sample A1 without boron addition are AlN. It can be seen from Fig. 5(a) that the precipitation of 
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AlN starts at 1061°C and ends at 850°C in A1. The precipitation amount of AlN is large. With boron addition of 0.0025%, the main precipitates turn to be BN as shown in Fig. 5(b) . The starting precipitation temperature of BN is 1267°C and ends at 950°C. Meanwhile, the started precipitation temperature and amount of AlN decreases apparently. Further improving boron content to 0.0045%, the precipitation temperature of BN increases to the range of 1307°C to 1000°C. AlN precipitates vanished in steel sample A3 as shown in Fig. 5(c) . The calculated results using Thermo-Calc software indicate that boron reacts with nitrogen preferentially in experimental steel. The precipitation of AlN was inhibited with boron addition. The formation kinetics of precipitates is also an important factor in precipitation process. It is well known that the second phases precipitate more faster if the components with higher diffusion coefficient. 21) Boron has greater diffusion coefficient than other alloying elements. For example, the diffusion coefficient of boron in low carbon steel is on the order of 10 ¹10 m 2 /s at 1200°C in Fe, 24, 25) and the diffusion coefficient of nitrogen is slightly less than that of boron. Other metallic elements are on the order of 10 ¹15 m 2 /s. It indicates that the formation rate of BN is faster than one of AlN.
The morphology and EDS spectrum of AlN in A1 fractured at 900°C are shown in Fig. 6(a) . The diameters of spherical AlN are smaller than 20 nm. In consideration of AlN amount in A1, it can be deduced that the effect of pinning grain boundary is great. Figure 6 (b) and 6(c) show the morphology and EDS spectrum of BN in A2 and A3 at 900°C. The diameters of ellipsoidal BN in A2 and A3 are several hundred nanometers. The effect of pinning grain boundary caused by BN can be negligible. Due to the small amount, AlN precipitates were not found in A2.
Based on the chemical composition of experimental steel, almost all boron react with nitrogen in steel sample A2 and the residual nitrogen react with aluminum to generate small amount AlN. In steel sample A3, the content of boron existing as boron in solid solution is about 0.0014%.
Influence of boron on fracture mechanism of
experimental steel In steel sample A1, most of fine AlN precipitated below 900°C. The effect of pinning grain boundary by fine AlN inhibits the migration of grain boundaries. The grain boundaries move only in sliding. DRX process was restrained. The microcracks on the grain boundaries can propagate and grow together. Finally, it leads to the intergranular fracture as show in Fig. 7(a) . In Fig. 7(a) , it can be seen that the austenite/ferrite transformation does not occur at 900°C. Thus, the precipitation of a large amount of AlN is one of the reasons for the sharp decline of hot ductility of A1 from 1000°C to 900°C, as shown in Fig. 3 . The fracture type of A1 at 900°C is intergranular fracture.
It can be seen from Fig. 7 (b) and 7(c) that the austenite/ ferrite transformation also does not occur in steel sample A2 and A3. Moreover, due to the precipitation of coarse BN, the higher migration ability of grain boundaries can be achieved. The DRX process carries out sufficiently. Thus, the hot ductility of steel sample A2 and A3 remain the higher R. A. values than 60% when the temperature is higher than 900°C. From the morphology of fracture surface shown in Fig. 7(b) and 7(c), many deep dimples on the fracture surfaces of A2 and A3 were found. It manifests that the fracture types of A2 and A3 are intragranular fracture. As shown in Fig. 3 and Fig. 4(b) , it can be concluded that the hot ductility of A3 is higher than A2 at 900°C. This is because trace boron in solid solution exists in steel sample A3. Trace boron in solid solution can play a role in decreasing the activation energy needed by the occurrence of DRX. It means that the development degree of DRX can be more sufficient with boron in solid solution at the same temperature. The result is consistent with the finding reported by Lopez Chipres and Mejia.
2628) Figure 8 shows the morphology of fracture surface and microstructure of experimental steel at 850°C. It can be seen that the austenite/ferrite transformations have occurred in steel sample A1 and A2. The austenite/ferrite transformation has a great influence on the hot ductility. Film-like proeutectoid ferrite which is more deformable than austenite formed along austenite grain boundaries. The critical strength of ferrite is a quarter of austenite approximately. The applied stress tends to concentrate on ferrite film when specimens were stretched. If the stress exceeds the critical stress of ferrite, the microcracks will form at grain boundaries. It can lead to intergranular fracture finally. As shown in Fig. 8(a) and 8(b) , the fracture surfaces of steel sample A1 and A2 are both characterized by intergranular fracture. However, the grain surfaces of A1 are smoother than A2 which indicates that the hot ductility of A2 is higher than A1. It can be evident from Fig. 3 . Liu et al. 29) found that the hot ductility will be aggravated when the fine precipitates existed on the film-like ferrite. As discussed above, the effect of pinning grain boundaries by fine AlN leads to the hot ductility decrease of A1. Thus, the lower hot ductility of A1 at 850°C is also caused by the pinning effect by fine AlN.
In Fig. 8(a) and 8(b) , the film-like ferrite form along the austenite grain boundaries in steel sample A1 and A2 and the austenite grains are outlined. The austenite grain sizes of steel sample A1 is smaller than A2 distinctly. It is caused by the precipitation of fine AlN. The refinement of grain is favorable for improving hot ductility. 30, 31) However, the effect mainly occurred when the grain size less than 50 µm.
30) The mean grain sizes of steel sample A1 and A2 are several hundred micrometers. Therefore, the effect of grain refinement on hot ductility can be negligible. Due to the boron in solid solution, the microstructure has no obvious changes in steel sample A3. Many researches 32, 33) reported that boron in solid solution can play a role in inhibiting the formation of ferrite. Thus, the austenite/ferrite transformation did not occur at 850°C. The fracture type of A3 at 850°C still is intragranular ductile fracture as shown in Fig. 8(c) . It can be seen from Fig. 3 that the hot ductility of steel sample A1 and A2 recover from 800°C with the test temperature decrease. The reason is that more ferrite formed along the austenite grain boundaries. The thickness of film-like ferrite increases as shown in Fig. 9 (a) and 9(b). It leads to the reduction of stress concentrated on intragranular ferrite. The deformation of austenite is more uniformly. It is favorable for improving the hot ductility. Although the fracture surfaces of steel sample A1 and A2 are also characterized by intergranular fracture shown in Fig. 9 (a) and 9(b). Many shallow dimples were found on the grain surfaces of A1 and A2. It can be deduced that both fracture types of A1 and A2 are intergranular ductile fracture. At 750°C, few ferrite has formed in steel sample A3. Due to a small amount of ferrite precipitation, the austenite grains of A3 were not outlined by ferrite. Corresponding to the fracture surface of A3 in Fig. 9(c) , the fracture surface was filled by dimples with varying depth. The fracture type of A3 manifests the characteristic of intragranular ductile fracture.
As discussed above, it can be concluded that the hot ductility of low-carbon aluminum-killed steel improve with increase in boron addition. With boron addition of 0.0025%, the coarse BN replaces the fine AlN to be the main precipitates. DRX which is favorable for improving hot ductility carries out more sufficiently due to the higher migration ability of grain boundaries. Further increasing boron addition, boron in solid solution inhibits the formation of intergranular ferrite. It results in the possibility decrease of intergranular fracture. 
